UNCLASSIFIED 


AD  NUMBER 

AD803385 

NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  only;  Administrative  and 
Operational  Use;  Oct  1966.  Other  requests 
shall  be  referred  to  the  Air  Force  Systems 
Command,  Attn:  Ballistic  Systems  and  Space 
Systems  Division,  Los  Angeles  AFS,  CA. 

AUTHORITY 

SAMSO,  per  ltr  dtd,  24  JAN  1972 


THIS  PAGE  IS  UNCLASSIFIED 


asrospace  ncr  cot  no. 

TR-tOOi(2£:4G-2©>o 


*0 

S 

IN 

S> 

0° 


ier  water  Structures 

•  Layers 


i'-'.r  ah  ■ 

►  rft.  , 


OCTOBER  ?3«© 


Prepared  by  j.  P.  JONES  and  C  R.  ORTLOFF 

Aerod;  rs  links  and  repulsion  Research  Laboratory 
laboratories  Division 

liSrc:  story  Operations 

/liaosPAO:  cm  ro&ATios? 


>^TSrrvk 


y,  f  s-L* 


Best  Available  Copy 


Air  Force  Report  No. 
SSD-TR-66-199 


Aerospace  Report  No. 
TR-10Cl(2240-20)-4 


BLAST  WAVE  HARDENING  OF  UNDERWATER 
STRUCTURES  WITH  RUEBLY  WATER  LAYERS 


Prepared  by 

J.  P.  Jones  and  C.  R.  Ortloff 
Aerodynamics  and  Propulsion  Research  Laboratory 


Laboratories  Division 
Laboratory  Operations 


AEROSPACE  CORPORATION 


October  1966 

BeSt  Available  Cop 


Prepared  for 


BALLISTIC  SYSTEMS  AND  SPACE  SYSTEMS  DIVISIONS 
AIR  FORCE  SYSTEMS  COMMAND 
LOS  ANGELES  AIR  FORCE  STATION 
Los  Angeles,  California 


FOREWORD 

This  report  is  published  by  the  Aerospace  Corporation,  El  Segundo, 
California,  under  Air  Force  Contract  No.  AF  04(695) -1001. 

This  report,  which  documents  research  carried  out  form  April  196Z 
through  July  1966,  was  submitted  on  IS  October  1966  to  Captain  Robert  F. 
Jones,  SSTRT,  for  review  and  approval. 

Information  in  this  report  is  embargoed  under  the  U.S.  Export 
Control  Act  of  1949,  administered  by  the  Department  of  Commerce.  This 
report  may  be  released  by  departments  or  agencies  of  the  U.  S.  Government 
to  departments  or  agencies  of  foreign  governments  with  which  the  United 
States  has  defense  treaty  commitments.  Private  individuals  or  firms  must 
comply  with  Department  of  Commerce  export  control  regulations. 

Approved 

_ 

■f?)  J.  G.  Logan,  Director 

Aerodynamics  and  Propulsion 
Research  Laboratory 

Publication  of  this  report  does  not  constitute  Air  Force  Approval  of  the 
report's  findings  or  conclusions.  It  is  published  only  for  the  exchange  and 
stimulation  of  ideas. 

Robert  F.  Jones,  Ca pz.  USAF 

Space  System s  Division 

Air  Force  Systems  Command 


-li- 


Best  Available  Copy 


ABSTRACT 


The  attenuation  of  a  blast  wave  passing  through  a 
layer  of  bubbly  water  is  investigated  under  assumptions  that 
permit  an  acoustic  analysis.  The  presence  of  a  small 
amount  of  air  in  water  reduces  the  speed  of  sound  drastically, 
often  two  orders  of  magnitude.  For  example,  it  is  found 
that  in  a  mixture  of  air  and  water  at  STP,  the  speed  of  sound 
is  between  100  and  170  ft/sec  for  an  air  to  mixture  volume 
ratio  of  5  to  15  percent.  It  is  shown  that  this  phenomenon 
can  be  used  to  harden  underwater  structures  to  fairly  sizable 
compression  waves  (*5000  psi)  ana  to  produce  a  possible 
order  of  magnitude  reduction  in  the  overpressure  for  a  single 
bubble  layer.  Further  attenuation  may  then  be  obtained  by 
a  sequence  of  bubble  layers. 
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NOMENC  LATURE 


c  Sound  speed 

k  bulk  modulus 

I  width  of  bubble  layer  along  the  x-axis 

m  elemental  mans 

M  Mach  number 

P  pressure 

*  Boltzmann  gas  constant 

m  entropy 

't  time 

T  temperature 

U  particle  velocity 

V  elemental  volume 

a  bubble  volume  per  unit  mixture  volume 

y  specific  heat  ratio 

X  reflection  coefficient 

p  air  to  water  mass  ratio 
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T  I/C 
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I.  INTRODUCTION 


1 

In  recent  years  a  great  deal  of  interest  has  been  evinced  in  techniques 
for  protection  of  underground  or  underwater  structures  ♦‘•-'w;  the  severe 
environment  such  as  could  be  produced  by  an  atomic  blast  or  a  blast  of 
conventional  explosives.  Most  of  the  technology  has  centered  around  making 
a  stronger  structure  rather  than  modifying  tne  environment.  The  present 
work  deals  with  a  reduction  of  the  blast  wave  before  it  reaches  an  underwater 
structure  by  means  of  a  layer  of  bubbly  water.  It  utiKv.es  the  fact  that  the 
presence  of  a  small  amount  of  a: r  in  water  reduces  the  sound  speed,  c, 
drastically,  often  two  orders  of  magnitude.  Since  the  acoustic  impedance  is 
given  by  pc  ,  there  is  a  significant  impedance  mismatch  at  the  boundary 
between  water  and  bubbly  water.  This  fact  can  be  used  to  reduce  overpressures 

of  5000  psi  or  so  to  meaningful  levels. 

1  2 

It  is  known  '  that  the  addition  of  a  small  amount  of  air  (or  other  gas) 

to  water  produces  a  drastic  change  in  the  speed  of  sound  in  the  mixture.  For 

example,  it  is  found  that  for  a  mixture  of  air  and  water  at  STP,  the  6peert  of 

sound  is  between  t  00  and  170  ft/sec  lor  an  air  to  mixture  volume  ratio  of  5 

to  1  5  percent.  This  compares  with  about  5000  ft/sec  in  water  and  about 

1100  ft/sec  in  air.  These  phenomena  have  been  verified  experimentally  as 

12  3 

well  as  derived  analytically  '  '  . 

It  is  shown  in  this  paper  that  thi6  phenomenon  can  be  used  to  harden 
underwater  structures  to  fairly  sizable  compression  waves  and  to  produce  a 
possible  order  of  magnitude  reduction  in  the  overpressure  for  a  single  bubble 
layer.  Here  attenuations  are  theoretically  obtained  for  a  single  bubble  layer; 
further  attenuation  of  a  water  shock  may  be  obtained  then  by  a  sequence  of 
bubble  layers  placed  before  the  site. 

Since  the  properties  of  bubbly  water  are  known,  but  not  well  disseminated, 
the  following  section  presents  a  survey  of  the  present  status  of  bubbly  water 
physics.  Section  III  deals  with  the  application  of  the  results  of  Section  II  to 
attenuation  cl  pulses.  Section  IV  contains  the  conclusion  of  this  study  The 
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principal  assumption  in  the  present  work  is  that  all  analyses  arc  essentially 
acoustic.  Reference  3  is  similar  to  the  present  work  except  that  the  acousti 
assumptions  are  not  made,  ani  exact  characteristic  methods  are  used  in 
Ref.  3.  The  simplicity  of  the  acoustic  assumptions  make  the  present  work 
easier  to  apply  and  make  interpretation  of  the.  results  more  straightforward. 
Since  Ref.  3  is  more  exact  than  the  present  work,  it  is  heavily  relied  upon 
for  comparisons. 


II.  PROPERTIES  or  THE  BUBBLY  WATER 


TIk1  oi  Bound  in  a  bubdiy  water  mixture  van  v.ac>j  ly  be  vattululcdi 

in  first  approximation,  by  assuming  that  an  isothermal  proc  css  takes  place 
inside  the  individual  bubble,  that  no  heat  is  transmitted  betwe  en  the  bubb’e  arid 
the  water,  that  surfaee  tension  and  viscosity  can  be  neglected,  and  that  there 
is  no  dynamic  behavior  ol  the-  bubble. 

i'or  an  initial  order  of  magnitude  estimation  ol"  th“  effect  of  the  mixture 
ratio  on  the  sound  speed,  *  consider  a  volume  of  bubbles,  initially  at  a  pressure 
Pq  ,  and  initially  occupying  a  volume  cY^  where  'f,j  is  the  sample  volume  of 
bubbly  water  mixture,  and  u  is  the  ratio  ol  th“  Initial  bubble  volume  to  the  total 
sample  volume.  If  a  pressure  rise  AP  is  gradually  imposed  or.  the  mixture, 
along  witn  a  concomitant  volume  change  At,  at  constant  temperature,  then, 
neglecting  the  compressibility  of  the  water,  it  follows  that 

(r0  i  AP)(a\  0  +  Av)  =  P0a\  0  .  (1) 

If  ill  changes  of  jitessure  and  volume  arc  considered  to  be  infinitesimal,  then 
Eq.  (J  )  becomes 


AP  =  -(P0/«KAv/V0) 


U) 


Thus  the  bulk  modulus  :e 


k  -- 


P, 


If  the  mass  of  the  air  can  be  neglected,  the  mixture  density  p  is 


<3) 


'.■'here  p  is  the  water  density.  The  speed  of  sound  is  then  given, 
approximately  ,  in  the  range  0  <  a  <  1,  by 


c 


£)'*■[ 


1 


a(  1  -  a) 


(4) 


This  analysis  gives  an  infinite  sound  speed  for  o  =  0,  a  =  t;  this  anomaly  is 
due  to  the  neglect  of  the  compressibility  of  water  and  the  density  of  air  in 
first  approximation.  Equation  (4)  is  plotted  in  Fig.  1  for  =  14.  7  psi,  and 


P 


w 


1 . 93788 


,,  2 
lb  sec 


62.  4  lb /ft 3  \ 
32.  2  ft/sec2/ 


Table  I  gives  the  result  of  such  a  calculation. 

For  a  more  complete  analysis,  one  can  use  the  results  of  Parkin, 
Gilmore  and  Brode.  ^  If  one  assumes  that  temperature  changes  in  the  water 
can  be  neglecccd  during  the  heat  flow  occurring  in  the  compression,  and  that 
the  dynamic  effects  in  the  bubbles  are  of  no  consequence,  one  can  derive  an 
equation  of  state  for  the  mixture 


P-Tulh _ 1 _ I  ,  JL 

Ta[  np*(l+P/k)J  m 


(5) 


where  p  is  the  ratio  of  the  mass  of  air  to  the  mass  of  water  in  a  volume 
clement  and  is  given  by 


(6) 


In  Eqs.  (3)  and  (6),  P  is  the  pressure,  k  is  the  bulk  modulus  of  the 
water,  T^  is  the  air  temperature,  p  is  the  density  of  the  mixture,  p  is  the 


water  density  at  zero  hydrostatic  pressure,  p^  is  the  air  density,  and  p^  is 
the  water  density.  To  describe  the  equation  of  state  of  the  air  alone,  it  will 
be  assumed  to  be  a  perfect  gas: 


P  T 

ra  a 


i. 

m 


(7) 


o,  n  a  r 

For  this  report,  the  values  p  =  1. 93788  lb-sec  /ft  ,  and  k  =  3  X  10  psi  will 
be  used.  The  parameter  p  can  be  obtained  as  a  function  of  a,  and  is 


Pm  1  a 

H  "  #T  p*(  1  +  P/k)  1  -  Q 


0  £  p  <  oo  .  (6) 


Two  cases  are  of  interest  in  computing  the  speed  of  sound  in  the 

mixture;  they'  are  the  isothermal  bubble  and  the  adiabatic  bubble. 

If  the  air-water  mixture  is  initially  in  thermal  equilibrium,  then 

T  =  T  .  This  temnerature  is  assumed  constant  throughout  the  deformation, 
a  w  -  2 

The  speed  of  sound  is  given  by  c  =  (dP/dp).  From  Eqs.  (5)  and  (7),  one 
obtains 

cf^l - ^ J  *  (9) 

PL  a  +  pip'd  4  p/krj 

As  is  easily'  deduced,  this  speed  of  sound  is  least  for  a  -  1  /2,  which  result  is 
also  obtained  from  Eq.  (4). 

If  the  process  is  assumed  to  be  adiabatic,  then  the  air  is  described  by 


dTa  _  \  -  1  dP 

T  ~  y  P 
a  1 


(10) 
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where  \  denotes  the  ratio  of  specific  heats  for  air.  From  Eqs.  (5),  (7),  and 
(10)  one  obtains; 


c2  =  ieIA _ e _ _ _ L _ A  _  .JvF/fc  \|~ 1 

a  p  (I  +  ^  .1  +  P/k  1  +  P/k J 


(H) 


These  are  plotted  in  Fig.  1  as  functions  of  u  for  sea  level,  STP  conditions. 
For  low  pressure  P/k  «  l,  0  <  a  <  1, 


(12) 


tt  yc. 


For  greater  depths,  the  results  are  similar  except  that  P  increases 
(see  Table  II). 

The  above  analysis  will  yield  a  fairly  accurate  value  for  the  sound  speed 
in  bubbly  water.  It  is  based  primarily  upon  static  and  quasi-stationary 
thermodynamics.  There  are,  however,  some  additional  effects,  usually 
second  order,  that  can  be  taken  into  account.  For  the  purposes  of  this 
analysis  and  the  acoustic  assumptions  used,  these  second  order  effects  are  of 
little  importance;  for  completeness,  they  are  mentioned  below. 

First,  the  bubbles  will  not  behave  in  a  quasi- static  fashion  when  acted 
upon  by  a  disturbance,  but  will  have  a  dynamic  response  pattern  of  their  own. 
Further,  and  probably  more  important,  the  thermodynamics  of  bubbles  will 
be  quite  complicated,  and  allowance  should  be  made  for  such  higher  order 
effects,  as  well  as  effects  of  reflected  waves  in  the  media,  state  changes  due 
to  waves  passing  through  the  medium,  etc.  It  is  estimated  that  for  bubbles 
initially  smaller  than  0.  01  in.  in  radius,  the  time  required  to  cool  to  the 
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temperature  of  the  writer  from  a  higher  temperature  is  a  few  milliseconds. 

For  bubbles  an  inch  or  so  in  radius,  the  cooling  times  are  so  long  that  a 

reversible  adiabatic  process  should  be  assumed.  The  latter  conclusion  is 

only  valid  so  long  as  the  bubbles  do  not  break  up. 

Second,  the  problem  of  solubility  should  be  considered.  As  pressure 

increases  the  solubility  of  air  in  water  increases,  and  the  bubbles  will  tend 

_2 

to  dissolve.  The  solution  times  are  generally  greater  than  10  sec  for 

-3  4 

bubble  radii  greater  than  10  in.  and  pressures  less  than  10  psi.  For 

larger  bubbles  (1  in.  radius)  this  time  should  be  1  sec. 

To  have  a  true  shock  wave  in  water  alone,  as  differentiated  from  a 

simple  compression  wave,  the  overpressure  should  be  of  the  order  at 
4 

250,  000  psi.  In  order  to  assume  that  the  acoustic  approximations  are  valid 
in  water,  this  analysis  is  limited  to  water  overpressures  of  20,  000  psi.  For 
this  value  of  overpressure,  P^/Pq  £  1. 05.5,  and  it  is  evident  that  any  entropy 
jump  across  the  wave5  is  negligible,  and  the  shock  can  be  replaced  by  a 
simple  compression  wave. 

An  analysis  based  upon  stationary  positioning  of  the  different  layers 
after  incidence  of  the  initial  shock  and  subsequent  reflection  and  transmittal 
of  waves  is  a  reasonable  first  approximation  consistent  with  the  neglect  of 


various  other  small  scale  effects  associated  vv 1 1  i~i  an  acoustic  analysis.  The 
medium  ©  (see  Fig.  2)  is  assumed  to  remain  passive  and  homogeneous  as 
the  wave  propagates  through,  and  effects  of  local  diffraction,  local  nonhomo- 
geneous  reflection,  various  irreversible  processes,  etc.  ,  are  neglected  in 
this  first  approximation.  In  the  mixture  region,  the  foregoing  assumptions 
may  be  considered  valid  for  P^  <  5000  psi,  hence  acoustic  methods  will  only 
considered  for  this  overpressure  in  the  mixturs,  2,lthoufth  for  v/sitsr 


alone,  such  methods  are  clearly  valid  for 
sions  for  shock  wave  propagation  in  water 


Pj  w  20,  000  psi.  Detailed  expres- 
5  and  bubbly  mixtures^  are  in 


agreement,  for  lower  overpressure  ratios  (Pj  <  5000  psi),  with  the  results 
from  the  acoustic  analysis  presented  here. 
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III.  ATTENUATION  OF  BLAST  WAVES 


In  this  section,  the  possible  uses  of  bubbly  water  to  alleviate  the  effects 
of  an  atomic  blast  will  be  considered.  An  atomic  blast  in  shallow  water  will 
have  four  main  effects.  Fir  st,  there  will  be  a.  shock  wave  generated  in  the 
water.  It  is  expected  that  this  will  decay  fairly  rapidly  into  a  simple  com¬ 
pression  wave  (Pj  ~  5000  psi)  which  may  be  treated  by  u:*  acoustic  approxi¬ 
mation  and  v/hich  can  be  transmitted  over  fairly  long  distances.  Secondly, 
there  will  be  a  "water  wave"  or  tidal  wave  generated.  Thirdly,  a  ground 
blast  will  be  generated,  and  this  will,  of  course,  interact  with  the  first  two. 
Last,  there  will  be  an  air  blast  wave  generated,  which  is  essentially  the 
transmitted  shock  wave  through  the  air-water  interface. 

This  report  is  concerned  primarily  with  the  shock  v  -eve  eflect.  The 
ground  wave  and  the  air  wave  have  different  effects  and  should  be  considered 
separately.  The  tidal  wave  will  have  long  wavelengths  (long  compared  with 
the  dimensions  o  1  the  bubbly  water  and/or  the  structure  considered),  and  will 
depend  on  the  parameters  of  the  bomb  and  of  the  specific  geometric  configura¬ 
tion  of  the  ocean  bottom.  The  definition  of  the  tidal  wave  problem  with  respect 
to  these  parameters  is  quite  complicated  and  will  not  be  considered  here. 

An  actual  shock  wave  in  water  implies  an  overpressure  of  the  order  of 
4 

2!0,  000  psi.  It  is  felt  that  little  can  be  done  to  harden  a  structure  to  such 
pressures.  Accordingly,  for  purposes  of  this  investigation,  the  pressure 
wave  in  the  water  will  be  considered  to  have  an  overpressure  of  20,  000  psi 
or  less.  For  this  range  of  pressure,  the  usual  acoustic  approximation  will 
be  valid  in  water,  since  P/k  «  0.  067.  As  mentioned  in  the  previous  section, 
in  the  air-water  mixture,  straightforward  acoustic  methods  may  be  used  with 
confidence  for  Pj  te  5000  psi;  therefore,  hardening  will  only  be  considered 
for  this  range  of  overpressures,  although  in  water  alone  higher  Pj  values 
may  be  treated  by  acoustic  methods. 

First,  consider  the  blast  wave  propagating  through  an  infinite  layer  of 
bubbly  water.  The  situation  is  depicted  schematically  in  Fig.  2,  where  the 
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source  is  assumed  to  be  so  far  away  that  reflection  from  the  source  at  A  can 
bit  ignored.  In  medium  ©  ,  one  has 


(13) 


5  liiarly,  in  medium  ©  ,  one  has 


8S  i  iS 

8xZ  3t2 


3P2  SU2 
=  p2  ~et~ 


(14) 


In  Sqs.  (13)  and  (14),  Uj  and  a  re  the  velocities  of  the  fluid  particles  in 
the  two  media,  P,  and  P,  are  the  pressures,  and  c,  and  c-.  are  the  sound 
speeds  derived  in  Section  II.  The  boundary  conditions  at  the  interface  B 
are  that  =  U-,,  and  =  P^,.  If  an  incident  pressure  pulse  P[  t  -  (x/cj)]  is 
assumed  to  be  incoming  from  the  explosive  source,  then  one  can  easily  derive 
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where  X  is  the  transmission  coefficient  given  by 


X  = 


2^!i 

iVi 
1  +  P2C2 
«v-t 


(16) 


The  results  are  now  simple  to  interpret.  An  initial  pressure  pulse  P^ft)  is 
attenuated  into  medium  (2)  with  a  strength  XP(t).  (It  m»’«t  be  borne  in  mind 
that  these  are  overpressures.)  If  the  densities  of  the  ",  media  are  assumed 
to  be  the  same,  and  one  takes  ~  100  ft/sec,  c^  =  6000  ft/sec,  one  has 


X  = 


_2_ 

50 


1  + 


60 


1 

25 


(17) 


This  is  an  attenuation  of  a  factor  of  25.  The  greater  attenuation  will  occur 
when  a  =  1/2,  and  will  be  greater  than  this.  The  attenuation  given  by  Eq.  (22) 
reduces  a  blast  wave  of  5000  psi  to  one  of  200  pBi,  a  sizeable  reduction. 

Next,  consider  a  bubble  layer,  illustrated  by  Fig.  3.  Taking  a  Laplace 
transform,  applying  the  boundary  condition,  and  caking  the  incoming  pulse  in 
medium  ©  as  P[t  -  (x/cj)],  one  obtains 

P3=M2-MP0exp(-fi’ 

[  1  +  (1  -  M2  exp(-2T2s)  +  (I  -  X)4exp(~4T2B) ) 


=  X(2  -  X)  PQ  exp 


)[  1  -  (1  -  X)  exp(- 


2t2s)] 


-1 


U8) 
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where  =■  i,/ c^.  Each  term  in  the  series  contained  in  the  braces 
represents  a  reflection  from  C  to  B  and  back  to  C  into  medium  ©  again. 

Thus, 


p3  -  M2  -  m[p0(t  -f-y(  1  -  M'P0  -  2r2  .  f.'j 


+  (i  -  \) 


(19) 


where  t  a  t  -  t.,. 

In  this  case,  the  attenuation  is  not  quite  as  straightforward  to 

determine  as  before.  T)ie  pulse  will  possess  a  width,  say  t  .  If  it  is 

less  than  2^,  th«n  a  point  z  will  see  a  series  of  separate  pulses  as  shown 

in  Fig.  4.  Each  succeeding  pulse  is  attenuated  from  the  original  transmitted 

2  4 

pulse  by  a  factor  of ( 1  -  k)  .  ( 1  -  k)  ,  etc.  The  original  attenuation  of  (2  -  X.) 
multiplies  the  entire  expression.  If,  however,  >  2t^,  then  the  situation  is 
as  shown  in  Fig.  5.  Each  reflected  pulse  catches  up  with  the  preceding  one 
for  some  portion  of  its  width.  It  is  conceivable  that  these  reflected  pulses 
eould  even  add  up  to  a  pulse  greater  than  the  original  pulse.  In  any  event, 
the  spacing  of  the  bubble  layer  should  be  adjusted  to  avoid  tliese  additive 
reflections.  Periods  for  blast  pulses  for  lower  energy  explosions  have  been 
given; ^  however,  for  the  energies  considered  in  underwater  nuclear  blasts, 
data  is  not  available  to  the  authors  at  present,  nor  is  data  on  the  width  and 
shape  of  blast  pulses.  The  simplifying  assumption  of  a  plane  shock  of 
infinitesimal  thickness  is  used  throughout  this  analysis;  a  more  detailed 
approach  must  necessarily  use  the  entire  pulse  shape  behind  the  steep 
fronted  initial  portion  of  the  wave. 

Next,  consider  a  rigid  wall  protected  by  a  bubble  layer.  The  geometry 
is  as  in  Fig.  3  except  that  medium  (?)  is  now  a  rigid  wall.  The  solution  for 
the  pressure  at  the  interface  C  is  now 


Pc  =  2k Pq  exp(-si2)[  1  -  (1  -  k)  exp( -2  s^)]  'i 


(20) 
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The  term  expf-sT^)  represente  the  time  the  original  disturbance  takes  to 
reach  the  wall  C.  Measuring  time  from  this  point,  t  =  t  -  eliminates 
this  factor.  Thus: 

Pc  =  2XPQ[  1  +  (1  -  X)  exp(  ~  2st?)  +  (1  -  \)Z  exp(  -  4s*2)  +  .  .  .  ]  (21) 

The  situation  is  identical  to  the  preceding  one  except  that  each 

2 

successive  pulse  is  attenuated  by  the  factor  (1  -  X)  instead  of  ( 1  -  X)  .  The 
inversion  of (21)  gives 

Pc  =  2XIP0(t)  +  ( i  -  X)P0(t  -  2t2)  +  (1  -  X)2P0(t  -  4t,)  4  .  .  .  ]  (22) 

Both  principal  attenuations  X(2  -  X)  and  2X  are  of  the  order  of  1/12.  5,  which 
is  at  least  one  order  of  magnitude  (assuming  «  i  00  ft/sec,  «  5t»00  ft/sec). 

There  are  other  configurations  of  interest,  such  as  multiple  layers, 
and  curved  layers  that  can  be  investigated,  but  since  this  is  a  preliminary 
analysis  it  is  not  deemed  necessary  to  do  so. 

For  pressures  of  the  order  of  P^  ~  4000  psi.-  attenuations  predicted 
here  and  those.  given  in  Ref.  3  are  comparable-  For  higher  pressures 
Ref.  3  assumes  the  acoustic  approximation  to  hold  provided  the  local  sound 
speeds  in  ©  are  adjusted  due  to  the  passage  of  the  initial  pressure  and 
reflected  waves  through  ©•  For  the  lower  pressures  (P^  <  4000  psi)  the 
medium  is  essentially  passive  and  the  wave  has  small  effect  on  the  sound 
speed  change,  so  that  the  simple  acoustic  approximation  is  applicable  in  the 
usual  sense.  In  Ref.  3,  for  »  10,000  psi,  attenuations  are  small  due  to 
the  fact  that  the  passage  of  the  wave  increases  sound  speed  to  near  that  of 
pure  water.  The  reflected  wave  of  small  intensity  is  then  practically 
repropagating  through  pure  water;  i.  e.  ,  the  initial  wave  propagates  into  a 
region  of  the  same  acoustic  impedance  as  that  behind  the  wave.  The  possibility 
of  the  bubble  mixture  undergoing  phase  changes,  the  collapse  of  the  bubbles 
to  vanishingly  small  radius  as  the  wave  propagates  through,  and  the  resulting 


effect  on  wave  propagation  phenomena  and  reflection  phenomena,  make  the  , 

applicability  of  acoustic  methods  seem  somewhat  limited  even  with  local 
impedance  changes  within  governing  various  strength  waves  propagating 
through  ©  Reference  3  requires  the  assumption  of  thin  bubble  layer 
thickness  to  hold  so  that  the  wave  may  be  considered  as  a  plane  shock  in  © 

Hence,  limitations  of  a  higher  order  of  complexity  limit  the  present  analysis 
to  overpressures  Pj  5000  psi  and  thin  bubble  sheets.  Considerable  attenua¬ 
tion  is  obtained  both  in  Ref.  3  and.  the  present  analysis  by  the  addition  of  a 
bubble  layer.  The  confirmation  of  the  results  m  Ref.  3  tor  Pj  <  5000  psi 
implies  a  workable  method  for  attenuation;  for  higher  pressures,  the 
mechanisms  and  wave  models  must  necessarily  be  subject  to  experiment  to 
obtain  reliable  results,  as  the  acoustic  approximation  in  a  nonpassive  medium 
is  open  to  question.  Therefore,  it  is  the  conclusion  of  this  paper  that  a 
bubble  layer,  or  a  sequence  of  layers,  is  sufficient  to  attenuate  a  water  shock  • 

wave  of  Pj  w  5000  psi  by  one  or  more  orders  of  magnitude.  Further  attenua¬ 
tions  for  higher  Pj  values  must  be  determined  by  consideration  of  more  , 

complex  wave  phenomena  beyond  the  scope  of  this  preliminary  report. 


-14- 


IV.  CONCLUSIONS  AND  RECOMMENDATIONS 


It  has  been  shown  in  this  paper  that  a  layer  of  bubbles  can  reduce  the 
overpressure  of  a  shock  wave  m  water  by  ait  order  ol  magnitude  for  a  single 
layer.  For  multiple  layers,  the  attenuation  could  be  considerably  greater- 

Much  of  the  groundwork  for  a  prac  tic  al  study  of  such  a  method  of 

3 

hardening  sites  has  been  done.  Many  important  problems  such  as  the 
diffraction  of  a  shock  wave  by  a  bubble  layer  surrounding  an  obstacle,  and 
others  mentioned  here,  are  left  unanswered.  It  is  felt,  however,  that  the 
main  need  is  for  experimental  w-ork  to  verify  the-  theory  of  bubbly  mixtures, 
to  verify  the  computed  attenuation  for  the  acoustic  approximation  given  here, 
and  to  determine  the  limit  of  extension  of  the  acoustic  approximation  to  higher 
overpressures.  Additional  experiments  for  more  complex  nonlinear  wa  c 
models  and  separation  distances  are  also  clearly  indicated  as  further  exten¬ 
sions  of  this  hardening  concept. 
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Table  I.  c  vs  a  for  STP 


a 

c  ft /sec 
(Calculated) 

c  it/seo 
( Measured)!  1  ] 

0.  05 

151.6 

150 

0.  1 

1 10.  2 

128 

0.  15 

92.  70 

95 

0.  2 

82.  62 

141 

0.  25 

76.  31 

80 

Table  II.  c  vs  u  for  the  Isothermal  and  the  Adiabatic 
Case  at  Sea  Level  and  100  ft  below  Sea  Level 


a 

Sea  Level 

ci  c 

1  a 

_ 

1 00  F eet 

c .  c 

i  a 

_ 

0.  05 

151.  5 

179.  2 

300.  9 

355.  6 

0.  5 

110.  0 

1  30.  1 

218.  5 

258.  4 

0.  15 

92.  05 

108.  9 

182.  8 

216.  3 

0.  2 

82.  57 

97.  68 

164.  0 

194.  0 

0.  25 

76.  27 

90.  25 

151.  5 

179-  2 
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1.  C|  NEGLECTING  WATER  COMPRESSIBILITY 

AT  SEA  LEVEL 

2.  C|  WITH  WATER  COMPRESSIBILITY 

AT  SEA  LEVEL 

3.  ca  WITH  WATER  COMPRESSIBILIT  Y 

AT  SEA  LEVfL 

A.  Cj  WITH  WATER  COMPRESSIBILITY 
AT  IOO  ft 

5.  Cq  WITH  WATER  COMPRESSIBILITY 
AT  100  ft 


Security  Classification  _ _ 


DOCUMENT  CONTROL  DATA  •  RAD 

(Security  e  t—miUemtion  ol  Otto.  bo 4tir  of  obotroct  mm d  Mtl4n|  mnoMNon  tmimt  bo  oofrod  tho  oootmtl  roport  im  c  tommttiod) 


t.  ORIGINATING  ACTIVITY  (Corpoyotm  outhotj  2r  NE^O^T  «CU«lTt  C  LAISiFiCATiON 

Aerospace  Corporation  Unclassified 

El  Segundo,  California  2„  amouP  “ 


1  R*PORT  TITL* 

BLAST  WAVE  HARDENING  OF  UNDERWATER  STRUCTURES  WITH 
BUBBLY  WATER  LAYERS 


4.  OCICRIPTIVI  NOTH  (Trim  •/  rtp^t  W  Me*,*!** 


t  AUTHOWlj  (Lmi  um.  tnlw m.  tnliiml) 

Jones,  John  P.  and  Ortloff,  Charles  R. 


4  REPORT  OAT* 

October  1966 


•  a.  CONTRACT  on  OP*  ANT  MO. 

AF.  04(695)- 1001 

b.  HOIICT  NO 


7a.  total.  no.  on  rAiti  I  74.  mo.  or  A*r» 


•  a.  ontaiNATox's  rcport  numiiivIj 

T  R  - 100 1(2240-20) -4 


«•  >4.  OT>ijan^njnonT  NOCS;  (Any  oiMriiwMn  «ia«  mmy  4a  aaaitfptatf 

*  SSD-TR-66- 199 


10  AVAIL  ABILITY/LIMITATION  NOTICES 

This  document  is  subject  to  special  export  controls,  and  each  transmittal 
to  foreign  governments  or  foreign  nationals  may  be  made  only  with  prior 
approval  of  SSD  (SSTRT).  _ 


11  SUPPLEMENTARY  NOT**  1*.  SPONSORING  MILITARY  ACTIVITY 

Space  Systems  Division 
Air  Force  Systems  Command 

.  _  Los  Angeles,  California 


11  ABSTRACT 

The  attenuation  of  a  blast  wave  passing  through  a  layer  of  bubbly  water 
is  investigated  under  assumptions  that  permit  an  acoustic  analysis.  The 
pres  cnce  of  a  small  amount  of  air  in  water  reduces  the  speed  of  sound 
drastically,  often  two  orders  of  magnitude.  For  example,  it  is  found  that  in 
a  mixture  of  air  and  water  at  STP,  the  speed  of  sound  is  between  100  and  170 
ft /sec  for  an  air  to  mixture  volume  ratio  of  5  to  15  percent.  It  is  shown  that 
this  phenomenon  can  be  used  to  harden  underwater  structures  to  fairly  sizable 
compression  waves  (ss5000  psi)  and  to  produce  a  possible  order  of  magnitude 
reduction  in  the  overpressure  for  a  single  bubble  layer.  Further  attenuation 
may  then  be  obtained  by  a  sequence  of  bubble  layers. 


3esi  Available  Copy 


03  For  1573 


UNCLASSIFIED 
Security  Classification 


